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ABSTRACT
Development of a Pulse Modulator for Active Flow Control in Turbomachinery.
(May 2010)
Shalom Johnson, B.S., Aerospace Engineering, Texas A&M University
Chair of Advisory Committee: Dr. Othon Rediniotis
In today’s highly maneuverable jet aircraft designs, aircraft are required to have
a propulsion system that can operate during sudden accelerations and rapid changes
in angle-of-attack. Consequently, the compressor of the jet engine occasionally must
operate at low-flow rates and rapid changes in inlet conditions. The high angle-
of-attack and low-flow regime of compressor operation is often plagued by rotating
stall and surge. Rotating stall and surge can result in loss of engine performance,
rapid heating of the blades, and severe mechanical stresses. Traditional methods
for suppressing rotating stall and surge only partially protect against rotating stall
or reduce compressor efficiency. The objective of this research is to design a stall
suppression system that will introduce oscillatory blowing into one of the rotor blade
(stall suppression blade). This oscillatory blowing method has been tested on a wing
section in a wind tunnel and has shown to increase the stall angle-of-attack by several
degrees. This increase in stall angle-of-attack will eliminate stall cells as they form in
the compressor. The goal of this research is to design a single stage axial compressor
that will incorporate the new oscillatory blowing stall suppression system; moreover,
this research will design, build, and test a scaled down version of this suppression
system.
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NOMENCLATURE
S Arc length [m]
R Radios [m]
DC Duty cycle
nslot Number of slots
f Frequency [Hz]
C Chord of the blade [m]
xte Distance to the air injection slot/holes from the trailing edge of the blade [m]
< The ratio of xte and the chord of the blade
ηshape The ratio between the width of the stationer and the rotating slot
RPM Revolution pre minute
SSB Stall suppression blade, A.K.A. ”superblade”
sw Stationer slot width
t Time
Cx Axial velocity of the compressor
Izz Moment of inertia around z-axis
SF Safety factor
Symbols
θ Change in angle [rad]
∆ Change in a value
ω Angular velocity
ρ Density
σ Stress
xxi
Subscript
T Full cycle
τn Portion of a cycle that the pulse modulator slots are aligned
τ Slot on the rotating section of the pulse modulator
ψ Slot on the stationer section of the pulse modulator
comp Values associated with the compressor
jet Values associated with the jet slot
pm Pulse modulator
tip Tip of the rotor blade
mid Middle of the rotor blade
hub Hub of the rotor blade
t Thickness of retainer ring
1CHAPTER I
INTRODUCTION
Problem statement
Rotating stall and surge are instabilities that have plagued jet engines since the early
days of their development. With the growing need for higher efficiencies, compressors
are operated closer to the surge line. The breakdown of the flow into either rotating
stall or surge is undesirable for three reasons. The first reason is that they can be
catastrophic to engine performance. The second reason is that they can cause rapid
heating of the blades, and the third reason is that they can induce severe mechanical
stresses. This research attempts to implement oscillatory blowing, which has been
prove to increase the maximum Cl on stationary airfoils by 50%, onto one or more of
the rotor blade surfaces; therefore, suppressing the rotating stall.
Background
In a typical compressor as the mass flow rate is reduced, there is an increase in the
pressure rise. There exists a point at which the pressure rise is at a maximum, and
any further decrease in the mass flow rate results in a sudden change in the flow
pattern. If the mass flow rate decreases past this critical point, the compressor can
enter into either rotating stall or surge. The point at which the compressor enters
either rotating stall or surge is known as the surge point.[1] During stall, the flow is
no longer axisymmetric but has a circumferentially non-uniform pattern of regions of
separated flow that rotate around the annulus.[2] These regions of separated flow are
This thesis follows the style of American Institute of Aeronautics and Astronautics.
2known as stall cells. There may be one or more stall cells, and the cells may extend
from hub to casing (full-span stall) or only over part of the span (part-span stall),
as shown in Figure 1.[1] Blockage created by the stall cell(s) leads to a decrease in
the angle-of-attack on one side of the cell and an increase on the other. As a result,
the stall cell(s) rotates around the annulus at a fraction of the wheel speed. This
phenomenon, in which the total flow rate through the annulus does not vary with
time, is call rotating stall. Depending on the geometry and load of the compressor,
the stall could be progressive, a small drop in performance, or abrupt a very large
drop in the pressure ratio and mass flow.[3] Surge is defined as the phenomenon
where the net flow rate through the entire annulus varies with time.[2] Violent flow
instabilities associated with surge include audible thumping and honking at inlet and
exit, at frequencies as low as 1 Hz, and severe vibration.[4] A photograph of an F-
4 Phantom experiencing a compressor surge is shown Figure 2. The rotation stall
and the surge both no longer have axisymmetric flow but has a circumferentially
non-uniform pattern of separated regions of flow, which rotate around the annulus.[2]
Figure 1. Full and part span stall cells
Figure 2. Back flow in the J-79 engine of an
F-4 Phantom during surge
3Experimental results have shown that rotating stall plays an important part in
initiating a surge event, particularly for highly loaded axial compressors.[5] Conse-
quently, the delaying of rotating stall also delays surge.
Traditional method for rotating stall suppression
Traditionally there are three methods for suppressing the onset of rotating stalls and
surge. These traditional methods are briefly described in this section.
The bleed air off-take method allows compressed air to bleed out of the com-
pressor. This bleeding of air effectively reduces the mass flow rate of the compressor
and thereby reduces the compression ratio. This reduction in compression ratio is
what suppresses the rotating stall. Bleed air off-take is an effective method of flow
instability suppression; however, this method wastes energy by compressing air that
is not used in power generation.
Casing air injection upstream of the blade tip has also been used to suppress
instabilities. This method effectively reduces the tip clearance between the casing and
the blades; thereby, increasing the maximum angle-of-attack the blade can operate at.
Casing air injection works best for compressors that have instabilities near the tips of
the blade. Air injection at the tip is not a viable option for compressors operating at
part speed for extended periods of time because the aerodynamic performance of the
compressor is reduced due to the efficiency penalty incurred by using tip injection.[6]
The most commonly used stall suppression method is done by actively controlling
the variable inlet guide vanes (IGVs) and variable stator vanes. A photograph of Dr.
Cizmas’s jet engine at Taxes A&M University gives a good example of complexity of
variable stator vanes, as shown in Figure 3.
These variable vanes suppress the rotating stall by reducing the angle-of-attack
of the entire stage of the compressor. Active control of the vanes adds additional
4Figure 3. Photograph of variable inlet and stator vanes
power requirements for the engine, increases the total weight and complexity of the
compressor. There is also a possibility that a malfunction in the IGVs could lead to
a severe drop in engine performance.
New stall suppression system
The new method for rotating stall suppression currently under development uses
pulse-width modulated injection along the span of one or more rotor blades. The
rotor blade in which the jet actuation takes place is known as the stall suppression
blade (SSB). Actuation flow control techniques have been shown to effectively control
flow separation with lower required energy input than that of steady blowing or
suction.[7- 8- 9] The injected air will energize the boundary layer of the SSB and
reattach the stall cell. Gilarranz et al. showed that the stall angle-of-attack of a
wing-section is increased through oscillatory blowing, as shown in Figure 4.[10]. An
additional benefit of the new suppression system is that it is fail-safe, in that there
are no complex moving parts.
5Figure 4. CL versus angle-of-attack with and without oscillatory blowing
Original contributions
The original contribution of this research is to do a detailed design of the axial com-
pressor. This compressor will be used to study rotating stalls and different stall
suppression methods.
Along with the overall design of the compressor, this research was targeted at
designing, building and testing a scaled down version of the oscillatory blowing sys-
tem. The flow characteristics of this scaled oscillatory blowing system was studied
by developing three experimental setups. The first experiment allowed the system
to be tested at a wide range of frequencies. The second experiment used a hot-wire
anemometer to measure the jet slot velocity along in the span. The third experiment
required a small wind tunnel to be designed and built around the pulsing system.
This wind tunnel allowed effectiveness of the pulsing system to be directly measured
on an airfoil section.
6Summary of work
Four of the design stages have been completed. The first design stage was to design
a drive system, a throttle system, and a frame for the compressor. The first stage
also required that the disk/pulse modulator and the Type I blade be designed. This
required an understanding of the internal plenum and the manufacturing techniques
that were going to be used. The first stage also required a preliminary airfoil geometry
to be developed for the blades, which was done by Forrest Carpenter, a Ph.D. student.
The second design stage required the Type I blade be built and tested. The
testing included a structural test and an aerodynamic analysis using computational
fluid dynamics (CFD), which was done by Carpenter. The second stage also required
the design of the Type II blade. This was done using the lessons learned from the
Type I blade design.
The third stage included an analysis of the structure of the disk and the Type II
blade. this was done using a finite element model of each component.
In the fourth stage, a scaled down pulse modulator was built and its flow char-
acteristics were tested. The fourth design stage also required a wind tunnel be design
and built around the scaled down pulse modulator, which was used to study the ef-
fectiveness that pulse modulated blowing had on the lift characteristics of an airfoil
section. All of the design stages in this project are shown in the flowchart in Figure
5. The green boxes indicate a completed task. The yellow boxes were completed by
Carpenter.
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8CHAPTER II
COMPRESSOR DESIGN
A one stage axial compressor was designed to test the new pulse modulated stall
suppression system. This chapter describes the design of each of the subsystems used
in the compressor. A brief description of each subsystem is listed bellow.
• The frame: used to mount and align all the subsystems
• The casing of the compressor: is the housing for the compressor, and holds the
disk, blades, and pulse modulator.
• The throttle: controls the mass flow through the compressor, thus aids in pro-
ducing rotating stalls.
• The drive system: Drives the compressor at a speed of 3500 RPM.
• The disk: Is the outer portion of the pulse modulator and holds the blade.
• The blades: responsible for the pressure rise in the compressor.
• The pulse modulator: is the stationary portion of the disk, and provides pulsing
air to the SSB.
The following sections give a detailed descriptions of the design of each of these
subsystems.
Compressor frame
A frame was designed and built for three reasons. The first reason a frame was needed
was to mount all the subsystems on a central structure. This central structure would
9maintain the alignment between the subsystems. The second reason was to raise
the compressor inlet away from the ground, which will allow clean flow to enter the
compressor. The third reason a frame was needed was to give the removable front
of the compressor a track to roll on while staying aligned with the subsystems. The
frame was constructed out of I-beam, square beam, and steel pipe, as shown in Figure
6. The finished frame is shown upside down in Figure 7.
Figure 6. Photograph of frame being con-
structed Figure 7. Photograph of finished frame
Compressor casing
The casing that is used in the compressor was built by Westinghouse and donated
to Texas A&M University. The casing is shown in Figure 8. The compressor cas-
ing consists of four major sections. The first section is composed of six aluminum
bulkheads, which form the outer casing of the compressor. The second section is the
plexiglass test section. The third section is the internal casing, which is a 10 inch
diameter aluminum pipe that is supported by several rods that run from the outer
10
casing to the internal casing. The fourth section is the inlet, which consists of an
inner and outer casing section. The internal casing has bearings along the central
axes of the compressor. These bearing support the front and back of the drive-shaft,
which is rigidly mounted to the disk. The inlet and two of the aluminum bulkheads
are mounted on rollers. These rollers allows the front part of the compressor to be
easily rolled out of the way. This removable compressor front allows easy access to
the rotor and instrumentation.
Figure 8. Photograph of the compressor casing
The compressor casing includes a 101.6 millimeter (4 in) long test section. This
one stage axial compressor was modified to have 16 inlet guide vanes, 25 rotor blades,
and 32 stator vanes. The compressor has an inner and outer diameter of 304.8 mil-
limeters (12 in) and 508.0 millimeters (20 in) respectively. The blades have a span of
101.6 millimeters (4 in).
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Throttle system
The throttle system was designed so that the mass flow rate through the compressor
could be controlled while the compressor is in operation. The mass flow rate is
controlled by varying the exit area of the compressor. This was achieved through the
development of two components: (1) the throttle rack and (2) the throttle carriage,
both shown in Figure 9. The throttle rack is a frame that supports, guides, and
controls the throttle carriage. The throttle rack guides the throttle carriage using
four linear bearings. The throttle carriage is controlled by a stepper motor and ball
screw assembly that is attached to the rack and to the throttle carriage. The cone is
mounted to the throttle carriage and moves forward and aft to control the exit area
of the compressor. The fully constructed and a fully assembled throttle system is
shown in Figure 10.
Figure 9. Photograph of the assembled
throttle mechanism
Figure 10. Photograph of the assembled
throttle system
The exit area can be calculated with Equation (2.1). Where x is the linear
distance the throttle is open and θ is the angle from the horizontal to the cone wall.
12
A =
pix tan(θ)
cos(θ)
(R− x
4
tan(θ)) (2.1)
Drive system
The drive system was designed to allow the drive shaft to pass through the center of
the throttle system. The drive system consists of a mounting frame, drive shaft, a
gearbox, and the electric motor. The frame was machined to ensure that the motor
would align with the gearbox. A drawing of the motor and the motor mount is shown
in Figure 11.
Figure 11. Frame and motor drawing Figure 12. Photograph of drive system
The proper alignment between the gear box and motor was verified through
the use of an indicator during the final assembly process. A belted-gearbox was
constructed out of aluminum. The benefits of using a belted-gearbox are: (1) sound
reduction and (2) gearbox wear is limited to the belt only. The gearbox has a two-
to-one gear ratio. A drive shaft passes through the center of the throttle cone and
connects the gearbox to the compressor shaft. The compressor is currently powered
by a 20 horsepower electric motor. The assembled system is shown in Figure 12.
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Blades
There are two Types of blades designed for the compressor. The first type of blade
was designed using a combination of aluminum, steel, and plastic. The second blade
design is machined out of a solid piece of aluminum.
Type I blade
The first blade design was developed using the preliminary airfoil blade geometry
developed by Forrest Carpenter, a Ph.D. student. This blade had an aluminum
dovetail mounting portion that was machined to fit into the old design of the disk.
This dovetail mount is shown in Figure 13 and Figure 14.
a Manufacturing of Type I blade
The airfoil section of the blade was a combination of rapid prototype (RP) material
and steel reinforcement. This blade was designed to take advantage of the ability of
the RP machine to easily manufacture complex geometries, such as the airfoil section
of the blade. The steel reinforcement was added to insure that the blade would
withstand the centrifugal forces applied to it in the compressor.
The dovetail mounting was made in the CNC mill. The geometry of the dovetail
made it difficult to measure to the dimensions of the dovetail accurately. This was
overcome by making go/no-go gages, which are the brass parts shown in Figure 14.
The alignment of each side of the dovetail attachment must be maintained throughout
the gaging process. This was achieved by using the fourth-axis on the CNC mill, which
allowed all sides of the dovetail to be machined without removing it from the machine.
14
Figure 13. Photograph of the finish Type I
blade
Figure 14. Photograph of Type I blade
parts
b Structural testing of Type I blade
There were two difficult parts to the structural analysis. The first was the non-
isotropic characteristics of the RP material. The second is the modeling of the steel
reinforcement of the blade. Due to the complexity of the structural analysis required
to accurately predict the stresses in the blade it was decided that a structural test
would be easier and less time consuming. The test conducted on the Type I blade is
shown in Figure 15. This test entailed building a mounting dovetail-slot similar to
the one in the old disk design. The mounting dovetail is shown in Figure 14. This
mounting dovetail-slot which would hold the blade would be mounted to a boring bar
and would be spun to 1.5 times the RPM of the compressor. This was done in the
CNC mill which was outfitted with a safety shield. The safety shield would protect
the machine from damage during the testing. The blade was spun to 1.5 of the RPM
of the compressor for an extended period of time and showed no structural damage.
This gave a safety factor higher then 1.5 due to the nonlinear forces acting on the
blade.
15
c Summary of Type I blade
Even though the airfoil geometry of the blade was easy to build, manufacturing the
dovetail mount portion of the blade proved to be very difficult. There were also serious
doubts about being able to make this Type of blade into a SSB. This difficulty in
manufacturing and the uncertainty of the SSB blade design lead to a new blade design.
Figure 15. Blade test setup in CNC mill
Type II blade
The Type II blade design was developed for four reasons. The first reason was to
implement the finalized airfoil geometry which Forrest Carpenter developed and an-
alyzed using CFD. The second reason the Type II blade was designed was to make
the blade easily modifiable into the SSB. The next benefit of the Type II blade was
to allow a structural analysis to be conducted on the blade. The fourth reason the
new Type II blade was designed was to improve the blade mounting system.
The all-aluminum Type II blade design allowed the SSB to be made using a
5-axis wire EDM, which would be used to make the internal plenum and the jet slot
16
in the blade.
The structural analysis could be conducted on the blade due to the isotropic
characteristics of aluminum. This analysis is described in detail in the following
section.
The new blade mounting design used two retainer rings to hold onto the mounting
flanges of the blade. There was a transition flange that smoothly transitioned from
the disk to the airfoil section. These mounting and transition flanges are shown in
the drawing of the blade in Figure 16 and Figure 17. The design greatly reduced
the manufacturing complexity of the mounting portion of the blade. This mounting
design is presented in detail in the disk design chapter.
Figure 16. Side view of Type II blade Figure 17. Top view of Type II blade
a Manufacturing Type II blades
The Type II blade was machined using the 4-axis CNC mill, shown in Figure 18. A
MatLab code was written to machine the surface of the blade using a 1 inch ball-nose
17
end-mill. The G-code was developed from the coordinate files that where provided
by Carpenter. An airfoil section of the blade was manufactured to test the g-code.
This prototype of the airfoil is shown in Figure 19 and Figure 20. The airfoil section
took 3.5 hours to machine; therefore, a full set of rotor blades could be manufactured
in less then two weeks.
Figure 18. Pre-machined aluminum
mounted in 4-axis CNC mill
Figure 19. Top view of finished airfoil sec-
tion of Type II blade
Figure 20. Photograph of finished airfoil section of the Type II blade
18
Pulse modulator
The pulse modulator has two purposes. The first purpose is to channel the high
pressure air from the stationary supply line to the rotating SSB. The second purpose
is to convert the steady air supply to an oscillating supply which will then be channeled
into the plenum of the SSB.
The pulse modulator was design to have two portions, which are the stationary
(pulse modulator) and the rotating portion (disk casing). The exploded view of the
stationary portion is shown in Figure 21. The high pressure air supply enters though
the front of this stationary portion. The holes around the perimeter of the stationary
portion periodically lineup with the slots in the disk casing. This periodic alignment
causes the air to pulse in the disk casing. The disk casing channels this pulsing air
to the SSB, which is shown in Figure 22. This disk casing has a housing plate that
prevents high pressure air from leaking out of the system.
Minimizing the volume from were the pulse was generated to were it gets injected
into the free-stream proved to be a unique challenge. This volume would have an
adverse effect on the frequency response of the system. This volume could be reduced
by increasing the diameter of the stationary portion of the pulse modulator. However,
this increase in diameter would force the adjacent surfaces to a high relative speed.
This relative speed is referred to as relative velocity (RV). Both the volume and the
RV are plotted verses the radius of the stationary portion of the pulse modulator and
is shown in Figure 23.
The pulse modulator was designed to operated at high RV for an extended period
of time. This was achieved by eliminating the need for seals, in the pulse modulator.
By eliminating the seals the two surfaces would never come in contact; therefore, the
RV would be irrelevant. This would force the two sections of the pulse modulator to
19
Figure 21. Exploded view of the inner por-
tion of the pulse modulator Figure 22. Cut view of the pulse modulator
have a small gap between them.
The gap between the stationary and rotating portions of the pulse modulator
is critical to minimize the leakage into the rotating portion when the slots are not
aligned. This leakage directly affects the minimum velocity that is injected for the SSB
during one cycle. This gap is estimated to be between .05-.08 mm (.002-.003 inch).
The inner and outer portion of the pulse modulator have a cone shape intersection.
This type of intersection was chosen to allow very fine adjustments to be done to
the gap by changing the shim between the inner and outer portions of the pulse
modulator. This shim will change the height of the inner portion, thus increasing the
gap.
The angle of the cone was chosen to divide the change in the shim by three,
which allowed finer adjustments to be done relatively easily. The alignment between
20
30 40 50 60 70 80 90 100 110 120 130
0
20
40
60
R
el
iti
ve
 v
el
oc
ity
 [m
/s]
Rpm [mm]
 
 
1500
2000
2500
3000
Vo
lu
m
e 
[m
m3
]
RV
Figure 23. Comparing RV and internal plenum volume
the rotating and stationery portions of the pulse modulator is maintained using a
large sealed ball bearing. This alignment is critical due to the small gap between
the two surfaces. To eliminate any imperfection or misalignments the shim would be
removed and the inner and outer portion would be honed together.
Dimensionless parameters
There are four dimensionless parameters that are used to describe the quality of the
oscillatory supply. The first is a dimensionless frequency called the F+ number, and
defined in Equation (2.2).[11]
F+ =
fjetxte
U∞
(2.2)
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The second parameter is the momentum ratio between the free stream and the
injected air which is called Cµ, and is defined in Equation (2.3).[12].
Cµ =
2 hρjetV
2
jet
Cρ∞U2∞
(2.3)
The third parameter is the Duty Cycle which will be denoted as DC, and is
defined in Equation (2.4).
DC =
Ton
Ttotal
(2.4)
The fourth parameter is the shape factor, ηshape, which describes the shape of the
pulse. The shape factor is the ratio between the angle of the rotating and stationary
slots in the pulse modulator, and is defined in Equation (2.16).Pulses with different
ηshape are shown in Figure 24.
ηshape =
θτ
θψ
(2.5)
Geometry and design parameters
This section will describe the relationship between the design parameters and the
geometry of the pulse modulator. There are three design parameters used to design
the pulse modulator:
1. The F+ Number, which is a dimensionless frequency.
2. The Duty Cycle DC, which is the ratio between the pulse being on and off
respectively.
3. The shape factor ηshape which describes the pulse shape.
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Figure 24. A plot of pulse shape with DC = 0.5
a F+ number
The jet frequency (fjet) can be solved for by rearranging Equation (2.2), which yields
Equation (2.6)
fjet =
U∞F+desired
xte
(2.6)
where U∞ is the local free stream velocity that the blade sees, and xte is the distance
from the trailing edge to the jet slot location. The local free stream is the hypotenuse
of the axial velocity and the angular velocity at a specific radius. This is shown in
Equation (2.7).
U∞ =
√
Cx
2 + (fmotor2piRblade)
2 (2.7)
The distance from the trailing edge to the jet slot (xte) is described in Equation
(2.8), were < is the ratio of xte over the chord of the blade.
23
xte = C< (2.8)
The change in local F+desired and U∞ as a function of Rblade is shown by Figure
25.
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Figure 25. Desired fjet and U∞ vs. blade radios
The number of slots, njet slot in the rotating portion of the pulse modulator is
the ratio between the desired frequency of the jet, fjet, and the frequency of the
compressor, fcomp
nslot =
fjet
fcomp
(2.9)
where fcomp is the compressor RPM divided by 60. The value of nslot is then rounded
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to the nearest integer. The actual F+ number is then calculated using this integer
value with Equation (2.10)
F+ =
fcompnslotC<
U∞
(2.10)
b Duty cycle
The DC is a kinematic relationship between the rotating and the stationary slots.
This relationship can be shown by dividing Equation (2.11) with Equation (2.12),
which were derived using the relationship between angular velocity and tangental
velocity.
θ˙τnRpm = V ⇒ ∆θτnRpm = V∆tτn (2.11)
θ˙TRpm = V ⇒ ∆θTRpm = V∆tT (2.12)
This division of Equation (2.11) with Equation (2.12) yields Equation (2.13),
which shows the relationship between the angle (θ) and the DC
θτn
θT
=
tτn
tT
= DC (2.13)
Drawings of the angular and time relationships are shown in Figure 26 and Figure
27 respectively
θT =
2pi
nslot
(2.14)
where θT is defined in Equation (2.14). The rotating and stationery slot angles can
be summed to get θτn . By subbing Equation (2.14) and the relationship between the
rotating and stationery slot angles into Equation (2.13) allows the DC to be written
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Figure 26. Relationship between DC and θ
Figure 27. Drawing of the relationship be-
tween DC and time
as Equation (2.15).
DC =
nslot(θψ + θτ )
2pi
(2.15)
c Shape factor ηshape
The shape of the pulse is a result of the rotating and stationery slots coming into
alignment, and is described by Equation (2.16). The larger the value of ηshape the less
effect it was on the pulse.
ηshape =
θτ
θψ
(2.16)
The stationery slot width is limited by machinability of a small slot; therefore it
is covenant to used slot width (sw) to describe θψ. The relationship between the sw
and θψ is shown in Equation (2.17). This slot is small relative to the radius of the
pulse modulator; therefore, small angle theory is used to simplify this equation.
θψ = 2 sin
( sw
2Rpm
)
≈ sw
Rpm
(2.17)
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By combining Equation (2.15), Equation (2.16), and Equation (2.17) the shape
factor can be rewritten into Equation (2.18).
ηshape =
2piDC Rpm
nslotsw
− 1 (2.18)
It is apparent that larger values of DC and Rpm and smaller values of sw and
nslot will result in a high value of ηshape. The nslot is directly related to the F
+ Number
and is shown in Equation (2.9). The rationale for choosing each one of these values
is listed below.
• DC: a value of 0.5 was estimated to provide adequate Cµ values; however, the
value for DC could be optimized at a later time.
• F+: The effective range of the F+ numbers is approximately between 0.5-1.5
or 0.3-3.[11- 13]. Therefore, a low F+ Number of 0.47 at the tip was chosen.
• sw: The slot width was set at the low limit due to manufacturing constraints;
therefore, the minimum sw was chosen, and is 3.56 mm.
• Rpm: due to the geometry and structural constraints of the compressor disk the
upper limit was chosen (115.75 mm).
All of the values used in the pulse modulator design are listed in Table I.
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Table I. Values used in pulse modulator design
F+ 0.47
DC 0.5
ηshape 6.87
RPMcomp [rev/min] 3500
fcomp [Hz] 58.33
fjet [Hz] 758.3
C [m] 0.076
< 0.8
nslot 13
Cx [m/s] 29
sw [mm] 3.56
Rblade tip [m] 0.254
Rblade hob [m] 0.1524
Rpm [in] 0.1157
θτn [deg] 13.85
θτ [deg] 12.087
θψ [deg] 1.76
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Disk
The disk design is important in insuring safe operation of the compressor. The disk
is responsible for holding the blades while the compressor is being operated. The
disk is also an essential part of the pulse modulator. The disk was designed to be
manufactured in the Aerospace Engineering Machine Shop, AEMS: this required that
the design be tailored to the machinery and equipment available in the AEMS.
The disk consists of two parts, which are shown in an exploded view in Figure
28. The biggest part is the disk casing, which is shown in gray in Figure 28. The next
part of the disk is the two retainer rings, which are shown in red in Figure 28. This
retainer ring design was chosen to simplify the disk design. The rings are the primary
structural component of the disk design which allows two benefits. The first is that
the disk casing has minimal structural requirements which allows the casing to be
manufacture out of aluminum. This design also simplified the structural analysis of
the disk. This simplification was accomplished by eliminating the complex geometry
of the casing for the structural analysis.
Figure 28. Exploded view of disk assembly
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The casing has three purposes. The casing serves as the rotating portion of the
pulse modulator and channels the pulsing air to the SSB. The stationary portion of
the pulse modulator mounts to the inner cavity of the disk; consequently, the disk
is responsible for the alignment between the rotating and stationary portions of the
pulse modulator. The casing is also responsible for holding the blades at the right
stager angle and perpendicular to the surface of the disk. Each blade mounting cavity
has two counter bores, which are shown best by Figure 29 and Figure 30. The deepest
counter bore maintains the blade alinement. The counter bore is the critical portion
for the blade mounting cavity. The second counter bore is wider and accommodates
the transition flange on the blade; therefore is less critical. The transition flange
counter bore is designed such that it will not touch the transition flange. The no-
contact design simplifies the structural analysis and the manufacturing of the disk
casing.
Figure 29. View of gaskets in the blade
mounting cavities
Figure 30. View of blade mounting cavities
in disk casing
The disk was designed in a way that all of the blades could be substituted for
SSBs. Inside each of the blade mounting cavities is a gasket which seals the channeled
pulsing air from leaking between the casing and the blade. The gasket are shown in
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purple in Figure 29. This gasket can also be used as a on-off-switch. The switch
works by rotating the gasket 180 degrees, and thereby blocking the flow from the
casing to the SSB. This type of design was chosen to allow optimization experiments
to be done on the number and location of the SSBs. This design will minimize the
change in the balancing of the disk while testing different configurations.
The retainer rings are responsible for holding the blades in position on the disk.
The retainer rings design is such that they slide onto the disk casing; thus, over the
front and rear of the blade mounting flanges, as shown in Figure 31. The retainer
rings are held onto the disk casing by a series of bolts that connect the retainer rings
to the disk casing. The retainer rings also help seal the disk with the internal channel
of the compressor casing. The sealing is achieved by having a front and rear flange
that is overlapped by the internal channel of the compressor: this is shown in Figure
32. The retainer rings have the same number of bolt holes as the number of blades.
This configuration was chosen for two reasons: (1) to center the bolt between the
blade mounting cavities in the disk casing, and (2) to provide the retainer ring with
a load symmetry around each blade contact point (pressure pad) and bolt hole.
Figure 31. Cut view of the ring on the disk
Figure 32. Cut view of the disk and pules
modulator
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Summary
This chapter described in detail the design of the one stage axial compressor, which
consists of several subsystems. The frame, throttle, and drive systems have been
built for the compressor; however, the disk, blades, and pulse modulator were more
formidable and needed to be more closely analyzed or tested.
The structure of the disk and the blades will need to be analyzed to ensure that
the structure will withstand the centrifugal forces that are to be experienced during
compressor operation. These analyses are described in detail in the next chapter.
The design of the pulse modulator was described in this chapter; however, due to
the complexity of the flow through the pulse modulator it was decided that a scaled
down pulse modulator would be built and tested. These tests will give an insight to
the sensitivity of different parameters used in the design phase.
The completed subsystems are assembled and shown in Figure 33.
Figure 33. Photograph of the asssembled compressor
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CHAPTER III
STRUCTURAL ANALYSIS
This chapter describes the structural analysis conducted on the blades and re-
tainer rings of the disk. Both the blades and the rings were analyzed analytically and
using a finite element model.
Structural analysis of Type II blade
The structural analysis of the Type II blade design was done analytically and using
a finite element model in ABACUS.[14]
Material selection
The material selected for the Type II blade was 6061-T6 aluminum. This type of
aluminum was chosen for its low density and high yield and fracture stresses, which
are listed in Table II along with the Young’s Modulus and yield shear stress.[15] This
material was also chosen for its machinability, which is listed as 50% compare to other
aluminum alloys.[15] The last column in Table II specifies the units used in ABACUS,
which will be explained in a later section.
Analytical structural analysis
The Type II blade was analyzed using beam theory. The first step was to calculate
the centrifugal force, Fc, acting on the blade. This required the cross sectional area
as a function of radius. This was done by cutting the SolidWorks blade model into
150 sections and measuring the cross section and radius at each cut. Simpson’s rule
was used to approximate Equation (3.1) which calculates the centrifugal forces as a
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Table II. Aluminum 6061-T6 material properties
σyield 276 MPa 40,000 psi 276,000 kg/(mm s
2)
σmax 310 MPa 45,000 psi 310,000 kg/(mm s
2)
E 68.9 GPa 9.99× 106 psi 68.9× 10−6 kg/(mm s2)
ρ 2,700 kg/m3 0.0975 lb/in3 2.7× 10−6 kg/(mm s2)
Shearyield 207 MPa 30,000 lb/in
3 207, 000 kg/(mm s2)
function of radius, where N is the number of sections measured.
Fci = ρω
2
∫ rtip
ri
A(xi) xi dx i = 1, 2, 3, ..., N (3.1)
The cross sectional area and the centrifugal force is plotted in Figure 34.
The stress in the blade was calculated assuming the blade was a simply supported
beam. This configuration is shown in Figure 35. There are three assumptions made
in this analysis. The first is that the Fc is distributed evenly across the bottom of
the blade. This assumption was an approximation used to simplify the calculations.
The second assumption is that the blade is pinned between the front and rear contact
points of the blade. This pin assumption is a good approximation for this mounting
configuration. The third assumption is that the blade is a beam with a constant I.
This assumption ignores the structure of the airfoil section of the blade and only uses
the mounting portion to calculate the stress.
The stress was calculated using Equation (3.2).[16]
σxx i =
FdistL
2(yi)
8Izz
(3.2)
where yi is distance from the centroid of the of the mounting portion of the blade;
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Figure 34. Plot of the centrifugal force and cross sectional area of the blade
therefore, i is ether the top or the bottom of the mounting flange. The values used
in this stress calculation are shown in Table III.
The results from the analytical structural analysis are shown in Table IV.
FEA of blade
A FEA model was developed in ABACUS. The unstructured triangular mesh was
chosen to accommodate the complex geometry of the blade. This mesh contained
approximately 97,000 elements. The centrifugal forces were calculated in ABACUS
by adding a rotation force field. This blade was modeled having an angular velocity
equal to the angular velocity of the compressor. Each contact pad is fully constrained
in the blade model. The contact pads are shown in blue in Figure 36. These boundary
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Figure 35. Drawing of the contact points of
the blade to the retainer ring
Figure 36. Drawing of the contact points of
the blade to the retainer ring
Table III. Values used in Type II blade stress calculations
Fc blabe 4231.4 N
Izz 10, 460 mm
4
ytop 10.04 mm
ybottom 10.76 mm
L 101.6 mm
conditions were used to simulate the retainer rings holding the blade. The Von Misses
stress is shown in Figure 37. The color scale shows the maximum stress in the blade.
This maximum stress comes from a stress concentration at the trailing edge of the
blade.
The stress concentration occurs at the junction between the transition flange and
the airfoil section. A zoomed-in view of the trailing edge is shown in Figure 38.
Comparing analytical and FEA structural analysis
This section compares the analytical results from the beam calculation to the results
from the FEA. This comparison is done by looking at the safety factors of both type
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Table IV. Beam theory calculations of stress and safety factors for the Type II blade
Fdist 41, 648 N/m
σxx top 51.6 MPa
σxx bottom 55.3 MPa
SFyield 4.99
SFfracture 5.6
σsheer yield 2, 116 Pa
SFsheer < 1000
of analysis. The safety factors (SF ) values from the analytical and FEA structural
analysis is shown in Table V.
Table V. Comparing results from analytical and FEA structural analysis
Analytical results FEA results
SFyield 4.99 2.43
SFfracture 5.6 2.83
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Figure 37. Full view of the blade
Figure 38. Junction of the trailing edge of the blade and the mount flange
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Structural analyses of retainer rings
The structural analysis of the retainer rings was done analytically and using a finite
element model in ABACUS.[14]
Material selection
The material chosen for the retainer ring is 410 stainless steel due to its high yield and
fracture stresses, as listed in Table VI along with the density and Young’s modulus.[15]
This material was also chosen for its machinability which is listed as good in the
machinist hand book.[17] The last column in Table VI are the units used in ABACUS,
which will be explained in a later section.
Table VI. 410 stainless steel retainer rings
σyield 1,225 MPa 177,700 psi 1,225,000 kg/(mm s
2)
σmax 1,525 MPa 221,200 psi 1,525,000 kg/(mm s
2)
E 200 GPa 29× 106 psi 200× 106 kg/(mm s2)
ρ 7,800 kg/m3 0.282 lb/in3 7.8× 10−6 kg/mm3
Analytical structural analysis
The analytical analysis was done using the hoop stress equation, which is shown in
Equation (3.3).[16]
σh =
R Pdistributed
t
(3.3)
Three assumptions were made in the derivation of Equation (3.3). The first
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assumption is that the pressure is evenly distributed on the inside of the pipe. This
assumption is not valid in the ring case; therefore, an equivalent distributed load is
calculated using Equation (3.5). The equivalent distributed load was calculated using
the pressure applied to the ring by each blade. This applied pressure was calculated
using Equation (3.4). The calculation was also carried out using the Papplied equal
to Pdistributed. Using Papplied assumes that the ring is holding 8 times the number of
blades that are actually being held. The result from this conservative calculation is
as σh.
Papplied =
Fc blade
2 Aapplied
(3.4)
where Aapplied is the contact area on each side of the blade mounting flange. The force
Fc blade was calculated in the blade design chapter and is the total centrifugal force
coming from the blade
Pdistributed =
Fc blade Nblades
2 Atotal
=
( Fc blade
2 Aapplied
)NbladesAapplied
Atotal
= Papplied
Atotal applied
Atotal
(3.5)
where Atotal applied is equal to Nblade times Aapplied. Equation (3.6) is derived by com-
bining Equation (3.3) and Equation (3.5) which is a modified version of the hoop
equation.
σ¯h =
R Papplied
t
(Aapplied
Atotal
)
(3.6)
The second assumption made in the hoop stress equation is that the cross section
of the pipe has a uniform thickness. This is not true in the ring case, which is shown
in the cross section view of the ring in Figure 39. Therefore, to be conservative only
the portion of the ring that is uniformly thick is used in the calculations. The uniform
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section of the ring used in the hoop calculations is shown in blue in Figure 39.
Figure 39. Cross section of the retainer ring
The third assumption is that the thickness of the ring is less that 10% of the
radius. This is valid in the ring case, which has a thickness equal to 6.66% of the
radius.
The values used to calculate the hoop stress are shown in Table VII. The cal-
culation for Fc blade can be found in the blade design section. The values from these
calculation are shown in Table VIII.
Table VII. The values used in the hoop stress calculations
Fc blabe 4231.4 Number/blade
tring 0.1016 m
Rring 0.1524 m
Aapplied 1.05× 10−4 m2
Atotal .02123 m
2
Nblades 25 blade
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Table VIII. Results from hoop stress calculations using 410 stainless steel
Atotal applied 2.625× 10−3 m2
Pdistributed 20.15 MPa
σ¯hoop 37.4 MPa
S¯F yield 32.8
S¯F fracture 40
σhoop 302.2 MPa
SFyield 4.05
SFfracture 5.05
FEA of retainer ring
A finite element model was developed using ABACUS. As mentioned in the blade
chapter, this modeling was accomplished by importing the SolidWorks model into
ABACUS.[18] This importing of a SolidWorks part file forced the length scale to be
set to the default units of millimeters. ABABUS offers a scaling factor which allows
the user to convert to the desired units. Using the scaling factor offered by ABACUS
introduces errors into the geometry; consequently, the units of length in the FEA
were kept in millimeters. These units are shown in the last column of Table VI.
The part was made into two sections by adding a partition. This partition allowed
two type for meshes to be used. These sections are shown in Figure 40. The yellow
section was meshed using sweep mesh; however, the pink section was meshed with a
unstructured triangular mesh. The total number of elements used in this model was
97,500.
There were two types of loads applied to the retainer ring. The first load is the
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Figure 40. Drawing of the different meshing
sections
Figure 41. Drawing of the applied pressure
pads
pressure load coming from the centrifugal force of the blades. The force was converted
into Papplied using Equation (3.4). This Papplied was applied to all of the pressure pads.
The pressure pads have the exact shape and location as the blade mounting flanges.
These pressure pads are shown in Figure 41.
The second load is the centripetal forces acting on the retainer ring itself. This
load was applied by adding a rotational load in ABACUS. The angular velocity of
the ring is calculated using Equation (3.7)
ω = RPMcomp
2pi
60
(3.7)
The bolt holes were fully constrained in the FEA model. This boundary condition
was used to imitate to retainer ring being bolted to a rigid disk casing. This is only
a conservative assumption which yields higher stresses around the bolt holes than
would be present if the casing was allowed to deform.
The Von Misses stress of the retainer ring is shown in Figure 42. A zoomed in
view of the bolt holes is shown in Figure 43. All the figures are shown with the color
scale associated with that particular analysis.
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Figure 42. Von Misses stress of the retainer ring
The upper limit of the color scale shows the maximum stress in the retainer ring
to be 3.255× 105 kg
mm s2
. This maximum stress value is the result of the conservative
assumption made in the boundary conditions, which is that the disk casing is rigid.
As predicted, in Figure 42 and in a zoomed-in view in Figure 43 it is apparent that the
majority of the stresses are around the bolt holes. To more precisely understand the
stress concentration around the hole a more elaborate model of the bolt hole would
have to be developed. However, using Saint-venant’s principle it is assumed that the
outer part of the ring analysis is accurate.[19]
To better analyze the outer portion of the retainer ring the outer surface of the
ring was viewed separately as shown in Figure 44, and in a zoomed in view in Figure
45. The color scale was changed to view the stresses on this portion of the retainer
ring. The maximum stress is shown to be 5.478 × 104 kg
mm s2
, and the average stress
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Figure 43. Von Misses stress of the zoomed-in view of the retainer ring
is approximately 3.5× 104 kg
mm s2
.
Figure 44. Von Misses stress of outer portion of retainer ring
Comparison of analytical and FEA results
This section compares the analytical results from the hoop calculation to the results
from the FEA. This comparison is done by looking at the safety factors of the max-
imum and average stress values for both type of analysis. The safety factors (SF )
values from the analytical and FEA structural analysis is shown in Table IX.
45
Figure 45. Zoomed-in view of Von Misses stress of the outer portion of retainer ring
Table IX. Comparison of results from hoop stress calculations and FEA
Analytical results FEA results
S¯F yield 32.8 SFyield average 22.3
S¯F fracture 40.0 SFfracture average 27.8
SFyield 4.05 SFyield max 3.79
SFfracture 5.05 SFfracture max 4.72
Summary
An analytical and finite element structural analysis was done on the Type II blades,
which gave a minimum yield safety factor of 2.4. An analytical and finite element
structural analysis was done on the retainer ring of the disk, which gave a minimum
yield safety factor of 4.05. Both the retainer ring and the blade calculations provide
conservative estimations of the safety factors; they were considered acceptable.
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CHAPTER IV
EXPERIMENTAL SETUP
This chapter describes the design of the equipment used in the experimental
phase of this work. Thus, this chapter is broken into six sections: (1) the instru-
mentation used in the experiments, (2) a description of the high pressure air supply
system that was used with the scaled down pulse modulator, (3) the designing and
manufacturing of the scaled down pulse modulator, (4) the design and construction
of the wind tunnel around the scaled down pulse modulator, (5) the construction of
all of the test-blades, and (6) the implementation of two hot-wire traversing systems.
Instrumentation
This section discusses the measurement devices used throughout the experiments.
Hot-wire anemometer
Due to the high frequencies of the pulsed air, a hot-wire anemometer was used to
measure jet velocities. The hot-wire was calibrated with respect to the velocity ranges
that were being measured.
Pressure measurements
A Barocell pressure transducer in conjunction with a scanivalve was used to measure
the pressure distribution on the airfoil sections. The scanivalve allowed a single
pressure transducer to be used to measure several pressure ports. The accuracy of
the Barocell pressure transducer is ± 6 Pa.
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High pressure air supply
The high pressure supply system was needed to provide the pulse modulator with the
required mass flow rate. This was accomplished by having the air supply from the
building routed to a compressed air tank. The pressure in the tank was regulated
during an experiment. The tank pressure was regulated using the pressure gage on
the tank itself. This configuration prevented the flow from choking in the pressure
regulator.
Scaled down pulse modulator
A scaled down version of the pulse modulator was designed and built as a proof of
concept. The scaled down pulse modulator design allowed several features of the
design to be better understood.
One of these features is the role that frequency has on the flow characteristics.
These measurements were made possible by swapping the stationary and rotating
portions of the pulse modulator. The scaled down pulse modulator had a stationary
blade and a rotating inner section. The jet frequency was controlled by changing the
RPM of the inner portion of the pulse modulator. This design allowed the frequency
response of the system to be studied.
The scaled down pulse modulator was also used to study the flow parameters
with different types of internal geometry and exit slots. This was made possible by
having an interchangeable test section that consisted of the internal plenum and jet
slot.
Another feature that is now better understood are the tolerances that can be
maintained on the gap between the stationary and rotating portions of the pulse
modulator. This gap directly affects the amount of flow that leaks into the internal
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plenum while the slots are not aligned. This leakage directly affects the amplitude of
the pulses exiting the jet slot.
Overview of scaled down pulse modulator
The scaled down pulse modulator was designed to preserve the physics of the internal
flow. It consists of the same parts as the full size pulse modulator design, as shown
in Figure 46 and Figure 47.
Figure 46. Cut view of the full size pulse
modulator
Alignment of 
plumbing through 
housing and 
spindle
Test section
Figure 47. View of plumbing through the
scaled down pulse modulator
The high pressure supply air is injected through the top housing end-plate and
fills the internal chamber of the pulse modulator. This configuration is exactly the
same as the full size pulse modulator. The spindle and casing of the scaled down
pulse modulator has a tapered intersection for fine adjustments of the gap between
the two sections. This is the same as the full size pulse modulator. The inner portion,
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the spindle, has a series of holes around its circumference. While the spindle rotates
the holes periodically align with the channel in the casing. This periodic alignment
of the holes provides the pulsing air to the blade section. The spindle was spun with
a drill press, or for the higher speed a CNC mill was used. An exploded view of the
scaled down pulse modulator in shown in Figure 48.
Figure 48. Exploded view of scaled down pulse modulator
The benefit of the this pulse modulator is that it allows a large portion of the
internal plumbing and jet slot to be easily manufactured and replaced. This replace-
able part of the scaled down pulse modulator is called the test-section, and consists of
two parts: (1) the test-blade, which is described in detail in the test-blade section of
this chapter, and (2) the insert that models the internal plumbing of the disk casing.
There were two types of inserts used in these experiments.
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a Casing insert 1
The first insert was used in the frequency response experiment. The insert had exactly
the same length as the full size channel. However, this channel is an insert that was
constructed using the RP machine. By using RP, different shaped contraction sections
could be tested.
b Casing insert 2
This insert is used in the small wind tunnel and is used with the Type II test-blade.
The second channel had the same contraction shape as the first insert and was also
made using the RP machine; however, this insert was designed to allow the test-
blade to rotate inside of the insert. This was accomplished by using an o-ring to seal
the insert and the aluminum brace that led to the test-blade. This insert forms a
channel that is 25 mm longer than the channel in the full size compressor. This was
unavoidable due to the geometry of the small wind tunnel. A cut view of the casing
insert 2 is shown in Figure 49.
Figure 49. Cut view of insert used in wind tunnel testing
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Parameters used to scale down the pulse modulator
This section describes five parameters considered when scaling down the pulse mod-
ulator, which are listed below:
• The maximum fjet is equal to the operating fjet of the compressor.
• ∆P : pressure difference between the high pressure supply air and the surface
of the SSB. This value is one of the parameters that will be studied; therefore,
it is controllable in both the full and scaled down pulse modulator .
• Exit area and geometry of the exit jet slot, on the surface of the blade, will be
studied using the scaled down pulse modulator . The study will aid in the final
design of the exit slot on the full size compressor.
• Internal volume (υ) of the plenum, which runs through the disk and SSB, is
approximately the same size as in the full size pulse modulator design. This
study will be used to determine the final shaped used in the full size pulse
modulator.
• Due to the no-contact design of the pulse modulator, the SFM was not preserved
in the scaling process.
The values used in the scaled down pulse modulator are listed in Table X.
Manufacturing of the scaled down pulse modulator
The casing was machined on the CNC mill. The bell portion of the spindle was
partially machined on the CNC mill, and then pressed onto the shaft. The assembled
spindle was then machined to the final dimensions using a CNC lathe, which allowed
the bell portion to be perfectly concentric with the shaft. The casing and the spindle
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were honed together on the manual mill, which insured that the two surfaces were
the exact same shape.
A shim was machined to provide a gap, between the rotating and stationary
portions, of .0635 mm (.0025 inches). However, due to the slight misalignments of
the assembled scaled down pulse modulator, the spindle and the casing are .0889
mm (0.00035 inches) out of concentricity. This slight misalignment varies the gap
between .0546 mm (.00215 inch) and.0724mm (.00285 inch). This was measured by
inserting an indicator in the pulse modulator through the plumbing of the insert. This
small variation in the gap is noticeable in the jet velocity versus time data from the
frequency response and jet characteristics experiments. Therefore, the jet velocity is
very sensitive to the gap size. The finished scaled down pulse modulator is shown in
Figure 50.
Figure 50. Photograph of the finished scaled down pulse modulator
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Table X. Values used in scaled down pulse modulator
F+ 0.5
DC 0.5
ηshape 3.15
RPMsystem [rev/min] 6000
fcomp [Hz] 100
fjet [Hz] 800
C [m] 0.076
< 0.8
nslot 8
Cx [m/s] 29
sw [mm] 3.81
Rblade tip [m] 0.254
Rblade hob [m] 0.1524
Rpm [in] 0.0402
θτn [deg] 22.5
θτ [deg] 17.07
θψ [deg] 5.43
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Wind tunnel
A small wind tunnel was designed and built around the scaled down pulse modulator,
to study the effects of the pulsing air on the upper surface pressure distribution of
an airfoil section. The small wind tunnel was needed for two reasons:(1) to allow the
wind tunnel to be modular enough to be put in the CNC mill and, (2) to allow the
size and volume of the internal plenum of the test blade to closely match that of the
full size pulse modulator. Consequently, the drive system was required to be near the
test section. It was decided that a wind tunnel needed to be specifically designed to
fit these two needs.
The following sections describe the design of the wind tunnel, which consists of
several subassemblies. A list of these subassemblies and a brief description of the
role they play in the small wind tunnel system is given below. A photograph of the
finished wind tunnel is shown in Figure 51.
• Diffuser: smoothly transitions from the test-section to the fan inlet.
• Fan: responsible for providing the necessary mass flow rate through the wind
tunnel.
• Mounting plate: allows the subassemblies to be align and also aids in making
the wind tunnel modular.
• Scaled down pulse modulator: provides the test-blade with pulsing air.
• Inner walls: prevents the inlet boundary layer from entering the test-section.
• Blade cylinder: holds the test-blades (or cascade) and allows the blades to be
moved as a single unit.
55
• Angle-of-attack mechanism: responsible for moving the blade cylinder to differ-
ent orientations.
• Inlet and flow conditioner: provides clean air to the test-section.
Figure 51. The fully assembled wind tunnel
Diffuser
The diffuser is a fiber glass cylinder that smoothly transitions from the rectangular
test-section, 177.6 by 155.6 mm, to the round fan inlet, 244.5 mm diameter. This
diffuser has an area ratio (Aratio) of 1.70, and an equivalent diffuser angle (Φ) of 1.42
deg, which was calculated using Equation (4.1).[20] It is suggested that the area ratio
be no greater than 6:1 and the diffusion angle be no greater then 7 degrees.[20] The
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length of the diffuser was determined by the size of the CNC mill, and drove both the
area ratio and the diffuser angle to small values. The diffuser is shown in Figure 52.
Φ = tan−1
(
1− 1√
Aratio
Ldeff
Rfan
)
(4.1)
Figure 52. Photograph of diffuser and fan
Fan
The fan, provided by the Flight Research Lab (FRL), has a 1.12 KW [1.5 hp] electric
motor and spins a centrifugal compressor. This fan has a volumetric flow rate of
approximately 1,290 L/s [2,230 cfm] and provides the wind tunnel with a velocity
range between 32 to 38 m/s [72 to 85 mph]. The mass flow rate of the fan was not
adjustable; therefore, the velocity varied as the blockage of the wind tunnel varied.
This is the reason the velocity is given as a range.
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Mounting plate
The mounting plat is a modified aluminum breadboard, which conveniently provided
a 1” grid of tapped bolt holes. The breadboard was mounted to two, 2”x2” square alu-
minum bars, which provided rigidity to the platform. A small frame, which supports
the inlet, was bolted to the top of the breadboard. A photograph of the mounting
plate is shown in Figure 53. The scaled down pulse modulator was mounted to a
raised platform in the center of the mounting plate. This platform locates and aligns
the scaled down pulse modulator with the mounting plate, as shown in Figure 53.
The mount, which attaches the test-section to the mounting plate was made easily
adjustable. This adjustment allows the test-section to be aligned with the scaled
down pulse modulator plumbing.
Figure 53. Fully assembled mounting plate
Scaled down pulse modulator
The pulse modulator was spun using a drill press that was mounted to the mounting
plate. However, for larger F+ Numbers the entire test-section could be mounted in
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the CNC mill, and spun using the mill spindle. The drill press drive system is shown
in Figure 54.
Figure 54. Drill press drive system
Inner walls of wind tunnel
The wind tunnel has an inner and outer set of walls, which provide two benefits. The
first benefit is that the boundary layer, which is formed in the inlet, is absorbed in the
gap between the inner and outer. The second benefit is that there is a small pressure
difference between the test section and the gap between the walls; therefore, there is
less leakage around the blade-cylinder.
Blade-cylinder
A single blade or a cascade of blades can be mounted in the blade-cylinder, which
is shown in Figure 55. The blade-cylinder allows the angle-of-attack of the blade (or
cascade) to be adjusted as a single unit. The blade-cylinder has an aluminum bracket
on the pulse modulator side which is supported by a ball bearing on the outer wall.
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The bracket is also connected to the angle-of-attack arm, as shown in Figure 56. The
angle-of-attack arm is used to rotate the blade-cylinder. The front side of the blade-
cylinder is supported with four ball bearing around the perimeter of the cylinder, as
shown in Figure 55. This support configuration allows the view of the blade surface
to be unobstructed, which allows for flow visualization to be done on the surface of
the blades.
Figure 55. Photograph of the blade-cylinder
The blade-cylinder is designed to allow a primitive cascade setup to be tested.
This cascade setup may be used to better understand the effect that other blades
have on the flow; however, currently there have been no cascade tests done using this
wind tunnel.
Instrumentation
A Barocell pressure transducer was used to measure the pressure in the wind tunnel.
A scanivalue was used to switch to all the pressure ports. There were eleven pressure
ports on the top surface of the airfoil, and a total pressure measurement from a pitot
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tube located upstream of the blades. All of the pressures were relative to the static
pressure of the pitot tube. This allowed Cp to be easily calculated by dividing the
pressure port measurements with that obtained from the pitot tube.
Cp =
Pairfoil port − Pstatic
Ptotal − Pstatic =
∆P
q∞
(4.2)
The pitot tube was mounted to the top of the tunnel, and the hight of the pitot
tube was adjustable. This same mounting system could be mounted on the ball-screw
machines on the side of the wind tunnel. This mount was used to hold the smoke
outlet pipe, which allowed the height and spanwise location of the smoke outlet pipe
to be adjusted.
Angle-of-attack control
The angle-of-attack of the blade or cascade is adjustable and is controlled with a
stepper motor. The stepper motor drives a ball-screw assembly that rotates the blade
cylinder, as shown in Figure 56 and Figure 57. The angle-of-attack was calibrated
using a digital protractor. The protractor was aligned with the chord line using an
alignment tool, which has a bottom surface that is exactly the same shape as the
upper surface of the airfoil and a top surface that is aligned with the chord line. The
alignment tool was made using the RP machine.
Inlet and flow conditioner
The shape of the inlet is described by a fifth-order polynomial, which is shown in
Equation (4.3). The polynomial is in inches and x ranges from 4” to 20”. The
polynomial coefficients are given in Table XI. The inlet is 609.6 mm long and 155.58
mm wide and has a flat 101.6 mm section before and after the polynomial contraction.
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Figure 56. Photograph of angle-of-attack
controller
Figure 57. Scaled down pulse modulator
mounting platform
There is a honeycomb flow conditioner on the front of the inlet, which is 19 mm thick.
Y = a5x
5 + a4x
4 + a3x
3 + a2x
2 + a1x+ a0 (4.3)
The inlet is aligned and mounted to the wind tunnel used to brackets on each
side of the of the inlet; however, the weight of the inlet is supported by a frame that
is mounted directly to the mounting plate. This frame has four jack-bolts that are
used to align the inlet of the with tunnel.
Table XI. Coefficients used in inlet design
Coefficients
a0 3.91 a3 6.05× 10−3
a1 −0.148 a4 −3.66× 10−4
a2 −7.03× 10−3 a5 6.10× 10−6
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Smoke assembly
An assembly was mounted to the side of the wind tunnel that allowed smoke to be
injected into the test section of the tunnel, which is shown in Figure 58. The assembly
allowed for fine adjustments of the location of the smoke steam.
Figure 58. Smoke system in wind tunnel
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Test-blades
There were two types of test-blades made for the scaled down pulse modulator and
wind tunnel. The second type of test-blade had three different internal pipes and a
set of wing fences that were used in the experiments. All of the test-blades and their
configurations are explained in this section.
Type I test-blades
The Type I test-blade was used in the frequency response experiment. This test-blade
was a 3.35 mm diameter pipe that had five, 2.03 X .33 mm [0.08 X .013 inches], slots
along the span, as shown in Figure 59. This test-blade has the same plenum volume
and length as the full scale SSB. The square shaped slots allowed the hot-wire probe
to be completely submerged in the jet velocity. The Type I test-blade and the insert
used in the scaled down pulse modulator is shown in Figure 60.
Figure 59. Jet slot in Type I test-blade
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Figure 60. Type I test blade
Type II test-blades
The Type II test-blade was used in the jet slot flow characteristics experiment, which
studied the effect that the pulse modulated blowing has on the pressure distribution
of an airfoil section. The test-blade contained of an internal plenum that has the
same volume and length as the full scale SSB. The outer shape of the test blade is a
NACA 0015 airfoil with a chord of 76.2 mm [3 in]. The jet velocity exiting the slot
was measured using a hot-wire probe. The Type II blade is shown in Figure 61.
Figure 61. Type II test-blade
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The test-blade had eleven pressure ports along the chord, which were put on a
diagonal across the top surface of the blade, as shown in Figure 61. These pressure
ports were used to measure the pressure distribution on the top surface of the test
blade. The plumbing consisted of stainless steel hypodermic tubes and Teflon plastic
tubes. The plastic tubes were plumbed to the upper surface of the blade. The plastic
tubes were then trimmed flush with the top surface of the test-blade. The plumbing
is shown in Figure 62 and in Figure 63. The plumbing chamber was then filled with
epoxy and sanded to mach the bottom surface of the test-blade.
Figure 62. Type II test-blade pressure ports
plumbing
Figure 63. Zoomed in view of plumbing
used in the pressure ports
Pipes used in the Type II test-blade
There were three pipes made for the Type II test-blade, each having the same diameter
and volume as the SSB. The pipes consisted of a full-span pipe (FSP) and two part-
spans (PSP1 & PSP2). Each of the part-span pipes have twenty, 0.66 mm diameter
holes that are located in the center of the blade. The holes were spaced 1.04 mm
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apart. The full-span pipe had 93, 0.66 mm diameter holes distributed evenly across
the full span of the blade. The holes were again spaced 1.04 mm apart.
An error in the drilling process led to a misalignment in the hole pattern on the
first part-span pipe, as shown in Figure 64. A second part-span pipe was made after
the drilling process was improved. The PSP1 was used in this experiment to study
the sensitivity of the jet slot velocity to irregularity in the pipe shapes. The FSP was
drilled using the same drilling process as the second part-span pipe, and is shown in
Figure 65.
Figure 64. The zoomed in view of the PSP1
The Type II test-blade has a slot that runs along the span, which is connected
to the pipe that supplies the pulsing air, as shown in Figure 66. The slot was sanded
to be 0.127 mm wide. This gave the FSP jet slot an area of 12.9 mm2 and the PSPs
an area of 2.58 mm2.
When using the part-span pipe, the Type II test-blade was equipped with wing
fences. The wing fences served two purposes:(1) it isolated the portion of the blade
that was being stimulated by the pulse modulated blowing, and (2) it was used to
eliminate some flow irregularities in the small wind tunnel. The wing fences were
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Figure 65. Photograph of the FSP using the revised drilling process
Figure 66. View of the slot in the Type II test-blade
added to each side of the pressure ports. The Type II blade, with wing fences,
installed in the wind tunnel is shown in Figure 67.
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Figure 67. The wing fences mounted on the Type II test-blade
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Hot-wire traversing systems
There were two traversing systems used to move the hot-wire. A single-axis system
was used in the frequency response experiment, and a 3-axis traversing system was
used in the jet slot characterization experiment.
Single-axis traversing system
This single-axis traversing system consisted of a stepper motor that drove a linear
actuator. The system was controlled using an Aerotech UNIDEX 12 system that was
connected to the main computer via a serial port; therefore, the traversing system was
commanded by a Labview code. This allowed the movement to be coordinated with
the hot-wire measurement. The stepper motor was equipped with a angular encoder,
which ensured that there were negligible location errors. The linear actuator was
equipped with a home switch, thus allowing the system to retain the relative location
after a power-cycle. The one-axis traversing system is shown in Figure 68.
Figure 68. Single-axis traversing system
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3-axis traversing system
The 3-axis traversing system was built in-house. All of the axes were controlled with a
ball-screw assembly; however, only two of the axes were driven with a stepper motor.
The third axis was hand operated. The two automated axes were equipped with limit
switches that were also used to home each axis. An Aero-probe controller was used
to operate the stepper motors. A driver for this controller was written in Labview.
Thus the traversing system was controlled via a Labview code. The 3-axis traversing
system is shown in Figure 69. This system has no position feedback; therefore, it
needed to be homed periodically to prevent location errors from accumulating.
Figure 69. Three axis traversing system
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Summary
This chapter described the systems used in all of the experiments. This chapter
consisted of five sections: (1) the instrumentation used in the experiments, (2) a
description of the high pressure air supply system that was used with the scaled
down pulse modulator, (3) the designing and manufacturing of the scaled down pulse
modulator, (4) the design and construction of the wind tunnel around the scaled
down pulse modulator, (5) the construction of all of the test-blades, and (6) the
implementation of two hot-wire traversing systems.
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CHAPTER V
EXPERIMENTAL RESULTS
This chapter describes each four experiments that were done using the scaled
down pulse modulator. Each test was conducted to study specific traits of the system.
The first experiment was used to study the frequency response of the exit jet slot. The
second experiment was used to study the flow characteristic of the exit jet. The third
experiment was used to study the baseline stall characteristics of a NACA 0015 airfoil
in the wind tunnel. The fourth experiment evaluated the effect the stall suppression
system has on the stall characteristics of a NACA 0015 airfoil.
Exit jet frequency response experiment
A test was done to investigate the effect that the jet frequency has on the amplitude of
the pulses; however, due to the rounded jet slots the actual Cµ values were inaccurate.
The rounded jet slot is shown in Figure 70. This frequency response test was primarily
done to investigate the change in Cµ with frequency, thus the inaccuracy in the Cµ
values where deemed acceptable.
Figure 70. The hot-wire probe aligned with the jet slot in Type I test-blade
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Experiment configuration
This test allowed the F+ Number and the pressure difference of the scaled down pulse
modulator to be varied while the jet velocity was being measured. This was done by
using an aluminum breadboard as a base plate, which allowed the experiment to be
modular enough to put into the CNC mill, as show in Figure 71. The CNC mill was
used to spin the pulse modulator to allow for a wide range of RPMs to be tested.
Figure 71. Photograph of experimental configuration
The layout of the data acquisition system, pressure system, and traverse control
system is shown in Figure 72. The main computer operated the data acquisition and
the traversing system using a Labview code. This configuration made it possible to
coordinate the movements and the measurements of the hot-wire.
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Figure 72. Layout of the exit jet frequency response experimental
a Test-blade
The Type I test-blade was used in this experiment. The Type I test-blade consisted
of a pipe and an RP insert. The pipe had an outer diameter of 3.35 mm, an inner
diameter of 3.0 mm, and a length of 114 mm, which was the estimated size of the
actual compressor blade.
b Traversing system
The one-axis linear traversing system was used in this experiment. This traversing
system allowed the hot-wire to be incrementally moved over the jet slot of the Type I
test-blade. This incremental move allowed the position of the velocity measurement
to be precise.
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c Instrumentation
Due to the high frequencies, the hot-wire anenometer was used to measure the jet
velocity. The hot-wire was aligned with the slots of the Type I test-blade, which
allowed the hot-wire to be completely submerged in the flow exiting the jet slot.
Test matrix
The experiment consisted of three supply pressures and twelve RPM values, as listed
in the test matrix shown in Table XII. The sweep of hot-wire measurements were
centered over each hole in the Type I test-blade. The hot-wire probe was moved in
increments of 0.031 mm and velocity measurements were taken at each location. The
sample rate was varied with the jet frequency to obtain a sample frequency that is
thirty times the jet frequency (fsample = 30fjet).
Table XII. Full-span exit jet test matrix
Test-blade Type I test-blade
Supply pressure [psi] 1.19, 2.57, 3.81
RPM [rev/min] 500 to 6000 ∆RPM of 500
fjet [Hz] 66.6 to 800 ∆fjet of 66.6
Spanwise location [mm] 25 location sweeping across each hole ∆x of 0.031 mm
Results
The Cµ and F
+ Numbers were calculated in this section using the values for the full
size compressor. These values are listed in Table XIII.
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Table XIII. Values used in the calculation of Cµ and F
+ for frequency response test
U∞ [m/s]
√
(ωR)2 + C2a
ω [rad/s] 367
Ca [m/s] 29
h [mm] 1.52
Cblade [mm] 76.2
< 0.85
ρjet [kg/m
3] 1.225(add equation rho=f(Vjet))
ρ∞ [kg/m3] 1.225
Result of Cµ calculations
The standard deviation of the jet velocity was calculated for the different spanwise
locations, jet frequencies, and supply pressures. The maximum values for each span-
wise location were used to calculate Cµ for each supply pressure and jet frequency.
This variation of Cµ with frequency and pressure is shown in Figure 73.
The Cµ versus span for an F
+ Number of 0.47, at the tip of the blade, is shown
in Figure 74: However, the remaining plots corresponding to all of the F+ Num-
bers values are shown in the Appendix. This plot of Cµ versus radius shows higher
amplitudes at the smaller radii; however, this was ignored due to the error in the
measurement of the velocity. The important thing in this experiment is that the Cµ
values do not change much due to frequency variation. This is especially true for the
high pressure case, where Cµ is approximately flat across the range of F
+ Numbers,
as shown in Figure 73.
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Figure 73. Cµ vs. F
+
Summary
This experiment was done primarily to investigate the trend of Cµ as jet frequency
was changed. This trend gives an insight on the effect of frequency on Cµ. It can
be seen from the Cµ versus F
+ Number plot that frequency has little effect on the
values of Cµ. At this stage in testing the pulse modulator design was found to be
acceptable; however, experiments detailing the jet velocity distribution will be done
to better understand the flow characteristics of the jet velocity.
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Exit jet characteristics experiment
This experiment studies the characteristics of the jet slot at different supply pressures
and with three jet slot configurations. This experiment was conducted to understand
the range of Cµ that can be produced with the scaled down pulse modulator. Different
internal plenums were used to study the effect of the jet exit area Cµ. This study will
aid in the development of the full size pulse modulator and the design of the jet slot
on the compressor blades.
Experimental configuration
This experiment was done in the small wind tunnel, which allowed the pressure dis-
tribution experiment to be done without changing setup. This configuration insured
that the test-blade did not change in anyway between the two experiments. This
was accomplished by removing the diffuser and motor from the wind tunnel, and
then inserting a hot-wire probe, which was mounted to the 3-axis traversing system,
through the back of the wind tunnel. the layout of the systems used in the experiment
is shown in Figure 75.
a Test-blade
The Type II test-blade was used in this experiment; however, there were three different
internal pipes used. There was one full-span pipe (FSP) and two part-span pipes
(PSP1 & PSP2) used in the Type II test-blade.
b Instrumentation
The hot-wire anenometer was used to measure the jet velocity exiting the slot, allow-
ing high frequency measurements to be made. The sampling frequency of the hot-wire
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Figure 75. Layout of the exit jet characteristics experiment
was set to be thirty times the jet frequency (fsample = 30fjet).
c Traversing system
The three-axis traversing system was used in this experiment, allowing several mea-
surements to be taken along the span and chord of the blade. The traversing system
was aligned with the test-blade with a test indicator, as shown in Figure 76. This was
accomplished by adjusting the position of the traversing system until it was aligned
with the test-blade. The hot-wire is shown in alignment in Figure 77.
The height of the hot-wire probe above the top surface of the test-blade was ad-
justed by hand; therefore, the repeatability in height was ±0.125 mm. The measured
jet velocity proved to be sensitive to this height adjustment. The height of the pipe
had to be reset for each test-blade configuration; consequently, the velocity values
relative to each test-blade configuration are accurate but may have different magni-
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Figure 76. The alignment being done using
test indicator Figure 77. Aligned hot-wire probe
tudes due to the height difference. A photograph of the hot-wire probe in position
for a test is shown in Figure 78 and Figure 79.
Figure 78. Top view of hot-wire probe in
position for test
Figure 79. Side view of hot-wire probe in
position for test
The traversing system was homed after every sweep in span, ensuring that any
location errors would not accumulate throughout the experiment. The chordwise axis
was homed after a full sweep in the chord was completed. The location of the homing
switch did not change between the full and part-span blades. This was achieved by
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adding a spacer in-front of the spanwise homing switch while conducting the part-span
pipe test.
Test matrix
All three blade configurations (FSP, PSP1, and PSP2) were tested under the same
conditions. The hot-wire probe was moved in increments of 1.01 mm in the spanwise
direction, and increments of 0.127 mm in the chordwise direction. The FSP and PSP
test matrix is listed in Table XIV and Table XV respectively.
Table XIV. Full-span exit jet test matrix
Test-blade Full-span Type II test-blade
Supply pressure [psi] 25
Chordwise locations [mm] 0.00 to 0.76 mm ∆y of 0.127 mm
Spanwise location [mm] 5.05 to 85.3 mm ∆x of 1.01 mm
Table XV. Part-span exit jet test matrix
Test-blade Part-span Type II test-blades
Supply pressure [psi] 5, 10, 15, 20, 25
Chordwise locations [mm] 0.00 to 0.76 mm ∆y of 0.127 mm
Spanwise location [mm] 38.7 to 56.0 mm ∆x of 1.01 mm
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Results
The Cµ and F
+ Numbers were calculated in this section using the values from the
small wind tunnel. These values are listed in Table XVI.
Table XVI. Values used in the calculation of Cµ and F
+ for jet characteristics test
U∞ [m/s] 36
h [mm] 1.52
Cblade [mm] 76.2
< 0.85
ρjet [kg/m
3] 1.225
ρ∞ [kg/m3] 1.225
a Cµ calculations
The standard deviation of the jet velocity was calculated for all of the spanwise
and chordwise locations. The maximum chordwise values were used to calculate the
spanwise Cµ distribution. These calculations were done for all of the test cases given
in Table XIV and Table XV. The plots of Cµ for the FSP, PSP1,and PSP2 are shown
in Figure 80, Figure 81, and Figure 82 respectively. Table XVII shows the average of
Cµ for all the supply pressures and test-blade configurations.
The values of Cµ at each supply pressure and test-blade configuration were av-
eraged and plotted, as shown in Figure 83.
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Figure 80. FSP: Cµ of jet slot vs. span
Table XVII. Averaged Cµ% values for different supply pressures and test-blade con-
figurations
Supply pressure [psi] 5 10 15 20 25
PSP1 0.34 0.54 0.73 1.16 1.55
PSP2 0.39 0.55 0.75 1.19 1.03
FSP 0.24
b Mean velocity results
The mean jet velocity was calculated for all the spanwise and chordwise locations.
This was done for all five supply pressures and three test-blade configurations. The
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Figure 81. PSP1: Cµ of jet slot vs. span
maximum chordwise values for each test blade were plotted and are shown in Figure
84, Figure 85, and Figure 86. Table XVII shown the average of Cµ for all the supply
pressures and test-blade configurations.
Summary
The average Cµ values obtained for the part-span test-blades matched very closely,
except for one data point; however, the profiles were dramatically different. The one
averaged data point (PSP2 @ 25 psi) that does not match the trend of Cµ values
is most-likely due to a change in the direction of the jet velocity. This change in
direction would change the velocity component being measure by the hot-wire, but
would not yield a smaller magnitude of the velocity. This is only a theory and would
need to be tested further to be verified. The dramatic differences in the part-span
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Figure 82. PSP2: Cµ of jet slot vs. span
jet velocity profiles are due to the irregularities in the PSP1 test pipe, which are
discussed in the experimental setup chapter.
The mean velocity values are used for two reasons. (1) to provide boundary
conditions for CFD analysis, and (2) to calculate the density of the air exiting the jet
slot.
The PSP1 test-blade was chosen for the flow control experiment. The PSP1
test-blade was chosen for two reasons: (1) because it yielded the highest Cµ values,
and (2) the part-span test-blade will need to be used in the wind tunnel, which will
be explained in detail in the baseline pressure distribution experiment.
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Figure 84. FSP: Mean velocity of jet slot vs. span
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Figure 85. PSP1: Mean velocity of jet slot vs. span
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Figure 86. PSP2: Mean velocity of jet slot vs. span
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Baseline pressure distribution experiment
An experiment was done on the NACA 0015 blade section to ensure that the measured
pressure distributions match trends of other experiment data. This experiment inves-
tigates the flow quality of the new wind tunnel; therefore, allowing for modifications
to be done to correct any irregularities.
Experimental configuration
This experiment was done using the small wind tunnel which was developed around
the scaled down pulse modulator. The main computer operates the data acquisition
(DAQ) and angle-of-attack systems, which allowed the two systems to be coordinated.
The layout of the experimental systems is shown in Figure 87.
Figure 87. Layout of DAQ and angle-of-attack system
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a Test-blade
There were two configurations of the Type II test-blade used in this experiment. The
first configuration is the full-span Type II blade which used the FSP. The second
configuration is a part-span Type II test-blade. As described in the experimental
setup chapter, the part-span test-blade was equipped with wing fences on each side
of the pressure ports to isolate that portion of the blade from non-uniformities in the
tunnel.
b Instrumentation
The pressure distributions was measured using a Barocell pressure transducer in con-
junction with a scanivalve. A detailed description of this system was given in the
experimental setup chapter.
Test matrix
The pressure distribution were measured at several positive and corresponding nega-
tive angles-of-attack, as listed in Table XVIII. The values from the negative angles-of-
attack were assumed to be similar to the pressure distribution at the bottom surface
of the blade for the positive angles-of-attack. This assumption could be made due
to the symmetry of the test-section and the test-blade. However, the pressure ports
only covered a portion of the chord, thus only a reduced normal coefficient could
be calculated. The reduced normal coefficient was then converted to a reduced lift
coefficient (Clred) by multiplying it by cos(α).
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Table XVIII. Test matrix for baseline pressure distribution experiment
Test-blade FSP and 1PSP Type II test-blade
Angle-of-attack [deg] -18 to -9, -6, -3, 0, 3, 6, 9 to 18
Results
The calculated Clredversus angle-of-attack was plotted for both the FSP and the PSP1
test-blade, and is shown in Figure 88. The PSP1 Clredcurve shows a stall clearly
beginning at 12 degrees angle-of-attack. The FSP test-blade shows a slight decrease
in Clredbetween 14 and 16 deg angle-of-attack; however, this is not a clear break that
would indicate that the blade is stalling.
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Figure 88. Part and full span Clred vs. α
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a Pressure distribution results
These trends in the Clred plot can be further investigated by studying the pressure
distributions at the critical angles-of-attack. The pressure distributions for these
critical angles-of-attack are shown below; however, the pressure distributions for all
the angles-of-attack can be found in the Appendix.
The stall of the PSP1 test-blade, beginning at 12 degrees angle-of-attack, can
also be seen in the pressure distributions, as shown in Figure 89 through Figure 94.
The stall is detected by the flattening of the pressure distribution at the trailing edge
of the test-blade. This flat portion of the pressure distribution propagates forward,
toward the leading edge of the blade, as the angle-of-attacks increases to 15 degrees.
This phenomena can also be seen in several studies.[21]
The FSP test-blade shows some flattening at 15 and 16 deg; however, this is
minimal and does not give a clear indication of stall. This trend does not match
any documented experiments found; therefore, the behavior was attributed to flow
irregularities in the wind tunnel. These irregularities most-likely come from the inlet
of the wind tunnel. One of the problems with the inlet is the surface streamlines
of a rectangular contraction intersect the side walls, which leads to secondary flows
in the corners with attendant lower velocities and the possibility of separation.[20]
This hypothesis will need to be investigated further to prove that this is causing the
abnormal trends in the pressure distribution of the full-span test-blade.
Summary
The FSP test-blade pressure distribution provided evidence that there are flow irreg-
ularities in the wind tunnel. Further studies will need to be conducted to elimnate
the irregularities in the flow. The cause for the irregularities is most-likely due to the
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Figure 89. Cp vs. x/c @ α=12 [deg]
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Figure 90. Cp vs. x/c @ α=13 [deg]
square contraction cone.
Adding wing fences to the test-blade appeared to isolate the instrumented portion
of the blade from irregularities in the flow. As a result , the PSP1 test-blade had
clear stall characteristics that matched the trends found in other investigation.[22]
The clear stall characteristics and the validation of the pressure distribution allowed
this PSP1 test-blade to be used in the flow control experiment.
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Figure 91. Cp vs. x/c @ α=14 [deg]
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Figure 92. Cp vs. x/c @ α=15 [deg]
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Figure 93. Cp vs. x/c @ α=16 [deg]
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Figure 94. Cp vs. x/c @ α=17 [deg]
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Flow control experiment
This experiment tests the effectiveness of the stall suppression system with different
Cµ values. This test will determine if the Cµ values produced by the scaled down
pulse modulator are adequate for stall suppression.
Experimental configuration
Similar to the baseline experiment, this experiment was done using the small wind
tunnel, which was developed around the scaled down pulse modulator. The main
computer operates the data acquisition and angle-of-attack systems, which allowed
the two systems to be coordinated. The layout of the experimental systems is shown
in Figure 95. The supply pressure was controlled manually; however, this was done
rather easily be allowing the pressure system to stabilize before conducting the test.
Figure 95. Layout of the experiment
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a Test-blade
This experiment used the Type II test-blade equipped with wing fences and with the
PSP1. This blade configuration was chosen for its clear change in pressure distribution
during stall. This clear change in pressure distribution allowed the effectiveness of
the stall suppression system to be evaluated.
b Instrumentation
The pressure distributions were measured using a Barocell pressure transducer in
conjunction with a scanivalve. A detailed description of this system was given in the
experimental setup chapter.
Test matrix
The pressure distribution was measured at several positive angles-of-attack, as listed
in Table XIX. The values of the reduced lift coefficient were calculated as described
in the ”Baseline Pressure Distribution Experiment” section. This experiment also
varied the supply pressure to the pulse modulator, which is also listed in Table XIX.
Table XIX. Test matrix for flow control pressure distribution experiment
Test-blade PSP1 Type II test-blade
Angle-of-attack [deg] 0, 3, 6, 9 to 22
Supply pressure [psi] 5, 10, 15, 20, 25
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Results
The calculated Clredversus angle-of-attack was plotted for the baseline and flow control
cases, and is shown in Figure 96. The five flow control cases are shown in black, and
from this plot it is apparent that the introduction of pulse modulated blowing, even
with Cµ values as low as 0.34% still, increases the maximum Clred . The baseline
Clredwas subtracted from the Clredvalues obtained with the flow control on, which
yielded the change in Clred , as shown in Figure 97.
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Figure 96. Clredvs. α
The increase in the Clred is clear in the pressure distribution plots at high angles-
of-attack. The high angle-of-attack pressure distribution plots are shown below, in
Figure 98 through Figure 103; however, The pressure distribution for all angle-of-
attack can be found in the Appendix. Table XX compares the supply pressure, Cµ
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values, and the change in the all of the Clred max.
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Figure 97. ∆Clred vs. α
Table XX. Comparison of supply pressure, Cµ values and the change in Clred max
Supply pressure [psi] 5 10 15 20 25
Cµ% 0.34 0.54 0.73 1.16 1.55
% Increase Clred max 51.6 62.1 71.1 84.5 98.4
∆Clred max 0.332 0.400 0.456 0.543 0.632
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Figure 98. Cp vs. x/c @ α=17 [deg]
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Figure 99. Cp vs. x/c @ α=18 [deg]
Summary
The pulse modulated blowing on the top surface of a NACA 0015 blade showed an
increases the Clred max and the critical angle-of-attack of the blade. Thus, the current
design of the pulse modulator proved to be adequate for stall suppression on a NACA
0015 airfoil section in a wind tunnel.
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Figure 100. Cp vs. x/c @ α=19 [deg]
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Figure 101. Cp vs. x/c @ α=20 [deg]
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Figure 102. Cp vs. x/c @ α=21 [deg]
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Figure 103. Cp vs. x/c @ α=22 [deg]
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CHAPTER VI
CONCLUSIONS
A oscillatory blowing stall suppression system was designed to be implemented
on the rotor blades of a one stage axial compressor. One of the requirements of this
stall suppression system was to developed high frequency air pulses on the airfoil
section of the rotor blades. This pulsing air was created using a pulse modulator
that was design to be installed in the compressor. A scaled down version of the pulse
modulator was built and tested to insure that the design would achieve the required
flow parameters.
There were four experiments conducted on the scaled down pulse modulator.
The first two studied the frequency response and the flow characteristics of the jet
slot. The second two experiments required a small wind tunnel to be built around
the scaled down pulse modulator. The these last two experiments studied the effects
that oscillatory blowing had on the pressure distribution on the upper surface of an
NACA 0015 airfoil section.
The frequency response experiment proved that, within the operating range of
this compressor test rig, jet frequency did not have a significant effect on Cµ. The
flow characteristic experiment showed that jet slot exit area must match the area of
the inlet to the internal plenum of the blade to obtain the Cµ values that are required
to effectively suppress stalls. It was also shown that the distribution of the holes in
the internal pipe played an important role in the spanwize Cµ distribution; however,
did not effect the mean Cµ value.
The third experiment tested the stall characteristics of the NACA 0015 airfoil
in the new wind tunnel. This was done by measuring the pressure distribution on
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the suction side of the airfoil. It was clear from the result of this test that the airfoil
stalled between 12 and 13 degrees. Inner walls were added on the airfoil to eliminate
non-uniform flow which made the stall of the blade more defined on the pressure
distribution.
The fourth experiment studied the pressure distribution on the suction side of
the airfoil with the oscillatory blowing stall suppression system in operation. This
test was conducted with the inner walls on the airfoil. The results showed that
the oscillatory blowing stall suppression system increases the Clred max as well as the
critical angle-of-attack of the blade.
These four tests conducted on the scaled down pulse modulator yielded results
that proved that the full size pulse modulator is would be worth building for the
compressor.
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APPENDIX A
EXPERIMENTED DATA
A.1 Cµ values gathered from frequency response experiment
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Figure A.1. Cµ @ F
+ = 0.05 at tip
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Figure A.2. Cµ @ F
+ = 0.09 at tip
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Figure A.3. Cµ @ F
+ = 0.14 at tip
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Figure A.4. Cµ @ F
+ = 0.19 at tip
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Figure A.5. Cµ @ F
+ = 0.24 at tip
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Figure A.6. Cµ @ F
+ = 0.28 at tip
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Figure A.7. Cµ @ F
+ = 0.33 at tip
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Figure A.8. Cµ @ F
+ = 0.43 at tip
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Figure A.9. Cµ @ F
+ = 0.47 at tip
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Figure A.10. Cµ @ F
+ = 0.52 at tip
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Figure A.11. Cµ @ F
+ = 0.57 at tip
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A.2 Clredplot of baseline
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Figure A.12. Part and full span Clred vs. α
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Figure A.13. Clredvs. α
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Figure A.14. ∆Clred vs. α
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A.3 Cp plot of baseline
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Figure A.15. Cp vs. x/c @ α=0 [deg]
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Figure A.16. Cp vs. x/c @ α=3 [deg]
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Figure A.17. Cp vs. x/c @ α=6 [deg]
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Figure A.18. Cp vs. x/c @ α=9 [deg]
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Figure A.19. Cp vs. x/c @ α=10 [deg]
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Figure A.20. Cp vs. x/c @ α=11 [deg]
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Figure A.21. Cp vs. x/c @ α=12 [deg]
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Figure A.22. Cp vs. x/c @ α=13 [deg]
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Figure A.23. Cp vs. x/c @ α=14 [deg]
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Figure A.24. Cp vs. x/c @ α=15 [deg]
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Figure A.25. Cp vs. x/c @ α=16 [deg]
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Figure A.26. Cp vs. x/c @ α=17 [deg]
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Figure A.27. Cp vs. x/c @ α=18 [deg]
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A.4 Cp plot with flow control
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Figure A.28. Cp vs. x/c @ α=0 [deg]
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Figure A.29. Cp vs. x/c @ α=3 [deg]
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Figure A.30. Cp vs. x/c @ α=6 [deg]
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Figure A.31. Cp vs. x/c @ α=9 [deg]
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Figure A.32. Cp vs. x/c @ α=10 [deg]
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Figure A.33. Cp vs. x/c @ α=11 [deg]
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Figure A.34. Cp vs. x/c @ α=12 [deg]
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Figure A.35. Cp vs. x/c @ α=13 [deg]
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Figure A.36. Cp vs. x/c @ α=14 [deg]
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Figure A.37. Cp vs. x/c @ α=15 [deg]
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Figure A.38. Cp vs. x/c @ α=16 [deg]
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Figure A.39. Cp vs. x/c @ α=17 [deg]
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Figure A.40. Cp vs. x/c @ α=18 [deg]
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Figure A.41. Cp vs. x/c @ α=19 [deg]
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Figure A.42. Cp vs. x/c @ α=20 [deg]
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Figure A.43. Cp vs. x/c @ α=21 [deg]
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Figure A.44. Cp vs. x/c @ α=22 [deg]
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